Classical linear unmixing approaches are not valid if the atmosphere and the aerosol are present in hyperspectral data, since the mixture model is no longer linear. In this paper, we present an iterative approach for estimating the abundance of aerosol based on unmixing of Martian hyperspectral data. On one hand, the results can provide the information on the aerosol of the Mars, which is very difficult to obtain. On the other hand, we can use the result to remove the effect of the aerosol on the original image and obtain more accurate linear unmixing results on the surface reflectance.
INTRODUCTION
Visible and near infrared imaging spectroscopy is a key remote sensing technique to study the Earth and other planets. As solar light is partially transmitted, reflected and diffused back by interaction with the different constituents of the atmosphere and the surface, the analysis of reflectance spectra may allow the identification, quantification, and characterization of the chemical species. In [1] , the authors proposed a linear unmixing scheme for unmixing the spectra of the pixels of Martian hyperspectral images in order to identify and quantify the chemical species on the surface of the Mars. However, the mixture of the spectra of the pixels are supposed to be linear. This linear mixture model is valid for the simple surface reflectance. For the intimate mixture of the surface reflectance, the model is no longer linear. More complicated approaches are needed. In [2] , it is proposed to use the kernel models in order to quantify the chemical species which are intimately mixed. In addition, the surface reflectance is transmitted by the atmosphere and the aerosol. The transmission is also non linear. In this paper, the spectra received by the sensor are assumed to be the simple surface reflectance (which is usually a linear mixture) transmitted by the atmosphere and the aerosol. The transmission of the gases on the Martian atmosphere is known, since the effect of the atmosphere mainly depends on the topography of the planet. However, the transmission of the aerosol depends on the thickness of the aerosol, which varies according to the captured scene. The objective of this paper is to estimate the abundance of the aerosol as the This work is funded by french ANR project VAHINEES. optical depth by using linear unmixing approach. The scheme of this paper is presented in Figure 1 . Given a hyperspectral image, where the spectra are the surface reflectance transmitted by the atmosphere and the aerosol. We at first correct the transmission effect of the atmosphere and the aerosol by assuming that the thickness of the aerosol is constant in the image. Afterwards, we use the linear unmixing approach to separate the surface reflectance. We then use the results of the linear unmixing for estimating the thickness of the aerosol on each pixel of the image. The above steps make up the first iteration of the algorithm. We then repeat the iteration to improve the accuracy of the estimation of the thickness of the aerosol.
The outline of the paper is as follows: in Section 2, we introduce the mixture model of the received spectra which takes into account the transmission of the atmosphere and the aerosol. In Section 3, the algorithm for estimating the abundance of the aerosol on each pixel is presented. In Section 4, the results of the estimation on synthetic data are presented. Conclusions are prensented in Section 5. 
NONLINEAR MIXTURE MODEL OF THE ATMOSPHERE AND THE AEROSOL TRANSMISSION ON THE MARS
If we take into consideration the atmosphere and the aerosol transmission, the received reflectance on a pixel x without noise is:
where λ is the wavelength. R(x; λ) is the surface reflectance, which is supposed to be a linear mixture of N c endmembers, i.e.
where m(x; i) is the abundance of the ith endmember at pixel x and s(i; .) is its spectrum. m AT M (x; .) is the transmission of the atmosphere at pixel x which mainly depends on the topography of this pixel. (x) is the parameter related to the effect of the aerosol and gas at pixel x to be estimated, which will be detailed in Section 2.1.
Parameter (x)
can be further decomposed into two terms :
where θ 0 , θ and φ are the solar incidence angle, the spacecraft emergence angle and the azimuth angle, respectively. In our case, the geometry can only be explained by θ 0 since OMEGA (carried by Mars Express, 256 spectral bands, 300m resolution) mostly works at nadir. As a consequence, θ and φ are negligible. τ k0 aero is the column integrated opacity of the aerosols and H scale is the scale height of the distribution. In the experiment, H scale was set equal to 11.5 km, which is a typical value of Martian polar regions.
The airmass represents the distance that the photons travel until reaching the spacecraft and is given by
Since we know perfectly φ(airmass), the estimation results of allow us to deduce the effect of the aerosol β(θ 0 , θ, φ, τ aer , H scale ), which corresponds directly to the abundance of the aerosol.
ALGORITHM FOR THE ESTIMATION OF (X)
We use an iterative scheme for estimating the parameter (x).
In a first step, the effect of the atmosphere and the aerosol is corrected by assuming that (x) is a constant everywhere in order to obtain the surface reflectance. In a second step, the linear unmixing approach is used to separate the surface reflectance. In a third step, the results of the linear unmixing are used for estimating the abundance of the aerosol. The result of the estimation is again used to correct the effect of the atmosphere and the aerosol for the next iteration. After a given number of iterations, the algorithm stops. The scheme of the algorithm is shown in Figure 1 .
More concretely, we suppose that j (x) is the (x) estimated after the jth iteration. We use this value to correct the received spectra in order to obtain the surface reflectance R j (x; λ) according to Equation (1):
Since we suppose that the surface reflectance is a linear mixture of the spectra of several endmembers (see Equation (2), we can separate the surface reflectance R j by using the linear unmixing method -the Minimum Volume Simplex Analysis (MVSA) [3] . The sum of the abundances of all the endmembers for each pixel is equal to one, i.e. ∀k, Nc n=1 s n,k = 1, the data vectors R j are always inside a simplex of which the vertex are the spectra of the endmembers if there is no noise. The Vertex Component Analysis (VCA) which extracts the extrema of the simplex as the endmembers is proposed in [4] as an effecient algorithm for extracting the endmembers. However, the VCA requires at least one pure pixel (which contains only one endmember) for each endmember. MVSA can find the optimal simplex contains all the data vectors of R j and extract its extrema as endmembers, even though there is no pure pixel.
By using MVSA, we can obtain the spectra of endmemebersm j (.; i), as well as their spatial abundancesŝ j (i; .). We then reconstruct the surface reflectance by using Equation (2)
Finally we use this reconstruction to re-estimate the parameter j+1 (x). We suppose the optimal j+1 (x) minimise the reconstruction error between I and m AT M (x; λ) j+1 (x) R j (x; λ), i.e.
(7) Equation (7) leads to
Afterwards, we recompute the updated surface reflectance R j+1 (x; λ) for the next iteration by using j+1 (x) estimated by Equation (8).
The complete scheme for estimating (x) is then: Fig. 2 . Ground truth of the abundance of the two endmembers for the simulated image.
-Compute Rj by using Equation (5);
-Use linear unmixing approach to unmix Rj for obtainingmj andŝj;
-ReconstructRj by using Equation (6);
-Update j+1(x) by using Equation (8).
• end
EXPERIMENTS AND RESULTS

Simulated data
Experiments are performed on a 128×128-pixel synthetic data for evaluation of the aerosol retrieval strategy. Two Martian-like endmembers are present on the surface: water ice and dust. Two complementary abundance maps were generated to simulate a sub-pixel geographic mixture (see Figure 2 ). Uncertainty was introduced in the data by randomly selecting the grain size of both surface components. Two physical-meaningful ranges of grain size values were chosen according to Martian properties. Then, each surface spectrum was altered by a layer of aerosol which τ aero is given by an aerosol abundance map (see Figure 3c ). This map was generated by plasma fractals to give a cloud-like realistic result. τ aero values were selected from 0.1 to 1.6 to correspond with a Mars-like scenario. Synthetic spectra were differently generated by the method in [5] depending on the value of θ 0 -from 65 to 85 expressed by the geometry map in Figure 3(a) . The high values of airmass mimics the polar regions of the Mars. Finally, the surface cube was multiplied by a data set containing the atmospheric transmission of a polar OMEGA image. That was done to reproduce the atmospheric gas effects as well as the topography of the scene. As a matter of fact, the atmospheric contribution on the surface changes depending on the elevation.
Estimation results
We have performed 3000 iterations (of which the scheme is shown in Section 3) to estimate the (x). The initial value of 0 = 2, which is between the maximal and the minimal value of the ground truth. In order to evaluate the estimation results, we have computed between the ground truth and each j (x) obtained at the jth iteration, the correlation coefficient C j , the mean squared error (MSE) E j respectively by
The larger C j is, the better j (x) is, while the smaller E j is, the better j (x) is. In Figure 4 , we have shown C j and E j as the function of iteration step j. It can be seen that, the correlation coefficient between the estimated (x) and the ground truth always increases (from 0.71 to 0.75), which indicates that the estimated (x) is more and more similar to the ground truth. However, after 1000 iterations, the correlation coefficient increases very slightly. In addition the MSE between the estimated (x) and the ground truth always decreases. It can be seen that the correlation coefficients always increase. In Figure 5 (b), we have shown the 3000 (x) estimated at the 3000th iteration. For comparison, we have shown in Figure 5 (b), the ground truth of the (x) is shown. Afterwards, we used MVSA to unmix the surface reflectance R 3000 (computed by using Equation (5)). The number of endmember is p = 3. In Figure 6 , we have shown the spectra of these endmembers. It can be seen that the second and the third endmembers correspond to the spectra of the water under different aerosol. While the first endmember is the specrum of dust. It can be seen that the effect of aerosol decreases a lot for the spectra of water. However, the effect of aerosol is still visible on the extracted spectrum of dust. 
CONCLUSION
In this paper, we present an iterative approach for estimating the abundance of aerosol based on unmixing of Martian hyperspectral data. This method is completely statistic without exploiting any information a piori on the properties of the surface components. The results obtained from synthetic data show that this approach can provide satisfactory estimation of the abundance of the aerosol. On one hand, the results can provide the information on the aerosol of the Mars, which is very difficult to obtain. On the other hand, we can use the result to remove the effect of the aerosol on the original image and obtain more accurate linear unmixing results on the surface reflectance.
